The nematode (Pheromermis spp.) is a potential biocontrol agent for wasps (Vespula spp.) in countries where invasive populations of wasps cause serious economic, social, and conservation problems. Using a simulation model previously developed for hornets, which belong to a genus with a similar biology to Vespula, we investigated the possibility of using nematodes as a biological control agent. The model wasp colony was exposed to different simulated levels of nematode infection during colony development, and the final number of wasp sexuals produced recorded. The model predicted that early and high levels of wasp infection had the greatest effect on reducing sexual production. However, even colonies with high (80%) levels of infection were still able to produce some sexuals, indicating that wasp colonies are resilient to infections. The model identified several key areas needing further research, including the effects of nematodes on the behaviour and physiology of wasps, of lengthening the infective period, and of increasing infection levels in both the wasps and intermediate transport hosts.
INTRODUCTION
The social Vespula wasps are a group of highly successful invasive species: V. germanica now has an almost circumglobal distribution (Edwards 1980) . Since the accidental introduction of V. germanica Fab. in 1944 (Thomas 1960 ) and V. vulgaris L. in 1978 (Donovan 1984 into New Zealand, they have become well established, and now reach high densities in some habitats. These two species are now a major pest in New Zealand, threatening native biota (Beggs 2001) , as well as being a general public nuisance (Donovan 1992) . Various attempts to control wasp populations (Rose et al. 1999) have shown that poison baits could be effective, but only over a small area (Spurr 1991; Beggs et al. 1998) .
The vespid wasp ichneumonid parasitoid Sphecophaga spp. is a possible method of biological control in various parts of New Zealand. However, the release of S. vesparum vesparum (Curtis) (Donovan & Read 1987) , S. v. burra (Cresson) (Beggs et al. 2002) , and S. orientalis (Donovan) (Donovan et al. 2002 ) have all had limited or zero success Beggs & Harris 2000; Beggs et al. 2002) . Entomopathogenic fungi are being studied as potential agents for wasp control , but their effect is limited by the hygienic behaviour of wasp workers (Harcourt 2002) . Moller et al. (1991) suggested that mermithid nematodes (Phermermis spp.) may potentially be an effective biocontrol agent against wasps. Field tests using another nematode, Steinernema feltiae (Gambino et al. 1992 ) demonstrated that, under certain conditions, nematodes could kill a wasp colony, which strengthened the possibility of using them as a biological control agent.
The life cycle of mermithid nematodes is well known (Poinar et al. 1976; Kaiser 1987 ) and typically includes a single aquatic insect host. However, in at least two species (P. pachysoma, P. vesparum) a second social wasp host is involved. In these cases, the aquatic or semi-aquatic (paratenic or transport) insect hosts become infected by ingesting eggs laid on wet soil at the edges of streams and ponds (Molloy et al. 1999) . These hatch within the gut of their first host, and the juvenile worms migrate to various host tissues where they remain coiled in a quiescent stage even during the hosts' metamorphosis to the adult form. It is only when an infected adult is caught by a hunting social wasp and fed to its larvae that the nematode becomes active and starts feeding on non-vital tissues of the developing wasp. In northern Europe, infected insects are fed to wasp larvae during September and October (the infective period). This coincides with the time when the majority of social wasps are raising their sexuals (Kaiser 1987) . As nematodes rarely kill their juvenile wasp host, the adult wasp emerges and the nematode matures in the abdomen of the wasp, rendering sexuals sterile or inactive. When the infected wasp visits water, the mature worm leaves its host, moults into the adult stage, mates and lay eggs, so completing the life cycle. In addition, some nematodes (S. feltiae) serve as vectors for symbiotic insect-pathogenic bacteria (Xenorhabdus spp.) (Poinar 1979) , which may have an important effect on the virulence of the nematode and merits further investigation.
The basic life cycle and population dynamics of social wasps are well understood (Edwards 1980; Martin 1991) . The development of a typical longcycle species such as V. germanica or Vespa simillima is illustrated in Fig. 1 , and shows the initial slow increase in workers as the colony becomes established, followed by the rapid production of males, and then of queens as worker production declines.
The aim of this study is to use a wasp simulation model developed by Martin (1991 Martin ( , 1995 to investigate the feasibility of using nematodes to control wasp populations, by studying the effects of increasing nematode infestation levels on the predicted number and quality of queens produced. Fig. 1 Daily number of worker, male, and queen larvae, predicted throughout the life of a typical long-cycle social wasp species. The data were taken from a population model for Vespa simillima (Martin 1991) . (Martin 1995) colonies, collected and studied throughout the season. The model consists of two parts. The first contains three empirically derived formulae (cell building rate, egg laying rate, and type of egg type laid) from which the daily number and type (worker/male/queen) of eggs laid can be calculated. The second part uses this information to calculate the passage of successive cohorts along the model's pathways. Speed is controlled by the developmental period of the brood. Brood and adults are removed from the model when they die, which is determined by their survivorship rates. After each model step (1 day) the results from the second part (numbers of workers, brood, etc) are fed back into the first part so the next day's values can be calculated. When the model-generated colony and empirical field data showed the best fit, and any changes justified, the model was considered representative of a typical colony for that species. Vespa simillima is a long-cycle species whose biology, nest size and developmental periods are similar to those of V. germanica and V. vulgaris (Table 1 ). The simulated model colony was allocated different levels of nematode infection (20, 40, 60, 80, 100%) of the wasp larvae which started at 15-day intervals throughout the life of the wasp colony. These levels were maintained for three different infective periods of 6 weeks, 8 weeks or continuous. The total number and quality (indicated by the larvae:worker ratio at the time of sexual production) of the sexuals produced by each colony was recorded at the end of each model run. The following assumptions were made: 1) During the infective period, the percentage of larvae infected remained constant. 2) Mortality rates of infected and uninfected larvae and sealed brood were equal. 3) Queen eggs were laid only in newly built cells. 4) Infected workers did not contribute to the maintenance of the nest, as they became inactive. 5) Infected sexuals are sterile and therefore not included in the number of sexuals produced by a colony.
RESULTS

Infective period
During the infective period the intermediate (paratenic or transport) host must be caught by the adult wasp and fed to the larvae within the nest for the nematode to mature. Modelling showed that both the timing and duration of the infective period is critical. If the infective period is too short, wasps hatching before or after the infective period will not be infected. The period of worker and sexual production in Vespula spp. is longer (Fig. 1) than the known infective period of the nematode, so increasing the infective period from 6 to 10 weeks has a dramatic effect on the number of sexuals produced. Even under the Fig. 2 Model predictions for the direct effects of the nematodes on the decrease in production (%) of workers (A,B) males (C,D), and queens (E-G) caused by five (20, 40, 60, 80 , 100%) different levels of infection. Each data point represents a simulation run, e.g., if when all wasps (100%) become infected with nematodes for a 6-week infective period in a 30-day old colony, only 35% of the normal amount of workers will be produced falling to 0% if the infective period is 10 weeks. Increasing the infective period from 6 weeks (A,C,E) to 10 weeks (B,D,F) and then to the optimal control situation that of continuous infective period (G) is given. In 'G' the colony is continually infected by nematodes and both the indirect effects (killing workers) and direct effects (killing sexuals) both contribute to a reduction in the percentage of queens produced. unrealistic optimal conditions, when the infective period was extended to cover the entire life of the colony, sexuals could still be produced unless infection levels were very high (Fig. 2G) .
Infecting worker larvae
Infected, inactive workers affect the colony development in two ways. Firstly, they reduce the size of the nest and therefore the number of sexuals produced (Fig. 2) , since fewer workers are available to build cells in which the sexuals are reared. Secondly, they increase the larva:worker ratio (Table 2) , which is likely to have an affect on the quality of the sexuals produced. They may also shorten the life expectancy of the workers, since they have to work harder, causing colonies to fail more quickly. However, the level of worker infection has to be high (>40%) to have any real effect on the number of workers produced ( Fig. 2A,B) , because normal nests have a natural surplus of unused cells in which workers can be reared.
Infecting sexual larvae
This simply reduces the number of viable sexuals produced in direct proportion to the number of larvae infected ( Fig. 2B-E) .
Continuous infection of all larval stages
Biological control can reach optimum efficacy if colonies are continuously exposed to infection by the nematodes. The model predicts that the earlier the infection starts, the greater the effect: at very high infection rates, colonies can be totally destroyed (Fig. 2G) . However, colonies are resilient, since even those infected at an early stage at high levels can still survive to produce some queens. The model predicts that the smallest nest size that could produce queens was 571 cells producing 52 queens and 71 males. The smallest actual observed Vs. simillima and Vs. affinis nests which produced queens had only 488 and 516 cells respectively (S. Martin unpubl. data), while the smallest colonies of V. vulgaris and V. germanica collected in the United Kingdom that reared queens had 1143 and 2824 cells respectively (M. Archer unpubl. data).
DISCUSSION
Natural infection levels
At present, limited data suggest that Pheromermis nematodes infect primary queen larvae from mid August until September in northern Europe (Kaiser 1987) . Levels of infection vary (Blackith & Stevenson 1958; Kaiser 1987 ) from 0-5% in workers, 0-7% in males, and 8-35% in queens (not 50% as quoted by Poinar et al. 1976 and Moller et al. 1991) . In 1893, all males in one large Vespula wasp nest were infected by the endoparasitic Gordius worms (Fox-Wilson 1946) , but the dissections of thousands of adults from hundreds of Vespula and Vespa nests by various wasp researchers indicate that such extreme levels of infection are very rare (M. Archer and S. Martin unpubl. data) .
Nests appeared to be infected with Pheromermis only if they were within 200 m of water, and then only at the rate of one in three nests (Kaiser 1987) . Since a typical V. vulgaris colony produces 962 queens (Archer 1981) , losses of even 35% of the queens may have little effect on the overall wasp population, since wasp populations appear to be under density-dependent control (Archer 1985 (Archer , 2001 ). Therefore, a reduction in queen numbers in the autumn may in fact produce greater founding success in the following year. The reasons for this are unclear, but greater over-wintering success due to decreased queen-queen competition during the laying down of fat storage (Harris & Beggs 1995) , and lower usurpation disputes in the spring (Martin 1990) , are both possible causes. Even if all nests were wiped out within 200 m of water, queens from healthy nests further away will migrate back into these areas.
The nematodes infect the wasp colonies during the period when the amount of food entering the nest is at its peak, which is during the time sexuals are produced, thereby increasing their chances of entering a colony. Infecting sexual larvae provides the nematodes with the best chance of survival, since their life expectancy is longer than the period required for the nematodes to mature. However, it is possible that infected workers may live longer if they are rendered inactive by the nematode, so allowing it time to mature.
Infective period
For a significant proportion of queens to be infected the modelling suggests the infective period of the nematode needs to cover as much of the colony cycle as possible. However, as wasps are generalists and many of the transport hosts (Trichoptera, Tipulidae, Tabinidae, Empididae, Dolichopodidae [Molloy et al. 1999] ) have aquatic/semi-aquatic larvae they would only represent a high proportion of the wasps' food during short periods when they are undergoing mass timed emergence. Kaiser (1987) did not determine whether the end of the infective period was due to the destruction of the wasp colony or the disappearance of the transport host, since late colonies tend to produce large numbers of queens. Many of the transport hosts used in laboratories (midge and mosquito larvae) are too small to enter the wasp food web directly.
Effect of nematode on the final host
The effect of the nematode on the behaviour and physiology of adult wasps is unknown. Matsuura & Yamane (1990) found that workers stylopized by Xenos spp. (Strepsiptera) stopped working, and their presence disturbed colony development, especially during the early stages of nesting. In a nest in which 50% of the workers were stylopized by mid July (colony age 75 days), the colony development was considerably delayed. When the infection rate reached 100% by mid July, these colonies failed. These results are similar to those produced by the model for nests infected by nematodes. However, if infected workers do contribute to the maintenance of the colony, then the indirect effect of the nematode on the colony will be small, since most of the workers will die naturally before the emerging nematodes could kill them.
Stylopized sexuals are incapable of mating (Matsuura & Yamane 1990) . Fox-Wilson (1946) reported that males infected with nematodes were castrated, but made no observations on their copulatory competence.
After hatching, sexuals lay down fat bodies in the gaster and increase their weight, by 40% in queens and 38% in males (Martin 1993 ). This fat is vital for the survival of the over-wintering queen, and probably prolongs the life of the males while they are searching for mates. The presence of a maturing nematode, which will be at least half grown when the sexuals hatch and eventually occupies all the gaster, will severely interfere with the amount, if any, of fat laid down. So even if an infected queen mates and starts to over-winter, she is highly unlikely to survive the winter. In addition, if the nematodes affect the ability of infected larvae to produce saliva secretions, which are used by sexuals to build up their fat stores (Martin 1993) , then this would also affect the quality of sexuals (Harris & Beggs 1995) .
The model predicts that, as nematode infestation levels rise, the larva:worker ratio will also increase ( Table 2 ). This is likely to reduce queen quality (Harris & Beggs 1995) , which could subsequently reduce over-wintering success and nest establishment. Hence, the effect of the nematode would be greater than currently suggested by the model. However, lowering the quality of some queens may inadvertently permit greater founding success via the density dependent compensation in spring as previously discussed. Therefore, the role of queen quality in affecting density-dependent wasp population fluctuations needs to be quantified, as queen quality is potentially crucial to the outcome of any biocontrol attempt (Harris & Beggs 1995) .
General limitation of nematode as control agent
Many parasites of social wasps, such as the Ichneumonid wasps Sphecophaga spp. (Donovan 1991; Beggs et al. 2002; Donovan et al. 2002) , the beetle Metoecus paradoxus (Chapman 1870) , the Stylops Xenos spp. (Matsuura & Yamane 1990) , and moth Anthrax distigma Wiedemann (Martin 1988) , attack only single individuals within the colony. By contrast, other parasites attack many individuals within a colony, e.g., a single predatory pyralid moth larva (Hypsopygia mauritialis Boisduval) kills many wasp broods as it travels throughout the comb feeding (Martin 1992) , and only 2500 Varroa destructor mites can kill a colony of 30 000+ honey bees by transmitting viral pathogens as they move between bees within a colony (Sumpter & Martin 2004 ).
Infection levels of parasites which attack only single individuals need to be very high (>>50%) to kill or significantly reduce the productivity of the colony (Matsuura & Yamane 1990; Barlow et al. 1996) , because social wasps have a high reproductive efficiency (Martin 1991) and often have a worker surplus which can be mobilised if some workers become lost or diseased (Toft & Harris 2004) . Archer (1980) calculated that 98% of queens die during over-wintering, so if the number of queens is reduced before a density-dependent factor starts to operate, as with present control methods, it may have the opposite effect to that required (Barlow et al. 1992) . Unfortunately, it appears impossible to infect the mother queen with the nematode, since freshly penetrated nematodes can be found only in wasp larvae and not in the adults (Kaiser 1987) , and infected gynes cannot over-winter. The similarities in the biology between Vs. simillima, V. germanica, and V. vulgaris mean that the model predictions are unlikely to change even if the model was individually parameterised for the two Vespula species.
Major problems such as the nematodes' effects on workers and the transport host, ways of increasing the infective period, and obtaining higher infection levels, all need to be solved before nematodes could be used as part of an integrated pest management programme. Increasing the nematode load in the transport host may provide the greatest challenge, since artificially parasitised Culex larvae died when infected with too many nematodes (Kaiser 1987) .
